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Abstract 
The analysis of die-cast 380 aluminum-boron carbide particulate metal matrix composites (MMC) 
was performed in order to see if the samples had the required tensile strength of 300 MPa. 10 
wt%  B4C die-cast samples were produced and tested. Half were heat treated to the T6 condition 
and the others were left as cast. Using ASTM standard B 557M it was found that the average 
tensile strength for the as-cast samples was 130 MPa and the heat treated samples had a tensile 
strength of 93 MPa. These values were both lower than expected. The heat treated samples were 
not expected to have a lower tensile strength than the as-cast samples. Since hardness is related 
to tensile strength, microhardness values were obtained to see if there could be an explanation 
for the unpredicted tensile data. The non-heat treated samples had an average hardness of 114 
HV while the heat treated samples had an average hardness of 123 HV. A two sample t-test 
failed to prove a significant difference in the microhardness values of the two separate 
treatments. With no conclusions being able to be drawn from the hardness data, metallographic 
samples of each treatment were produced to examine the microstructure of the material. Both 
samples showed that the B4C particles were not homogeneously distributed; there were highly 
concentrated regions of B4C particulates. In addition, both were highly porous. From this 
information, it was inferred that the weakness was due to fracture initiation at these regions. In 
order to gain the strength desired it will be necessary to have a more evenly dispersed 
reinforcement as well as reducing the porosity.     
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Problem Statement 
Processing has a major effect on the mechanical properties of aluminum boron carbide 
particulate (Al/B4Cp) composites. To ensure the tensile strength values reach their target of 300 
MPa, a homogeneous particle distribution will be created in the 380 Al matrix.  Adjustments to the 
pressure and temperature used during die-casting for 5 weight percent and 10 weight percent 
particulate alloys will be made in order to find the optimum processing conditions. 
 
Purpose 
Thresher Industries (Hanford, CA) is in the process of developing a line of aluminum composite 
materials to be used in conjunction with their two Toshiba die-casting machines. They will use the 
results of this project to create a material that will add fiscal value to their company. In a letter to 
their investors,
1
 Thresher Industries indicated that the use of composite materials will allow them 
to enter new markets and gain increased revenue and profit by attracting business from the 
aerospace and automotive industries. 
 
Background 
Metal Matrix Composites 
Metal matrix composites (MMCs) have seen an increase in use and development since the early 
1980s.
2
 Prompted by their high strength-to-weight and elastic modulus-to-weight ratios, aluminum 
and titanium alloys have been used as matrices for MMCs in aerospace, automotive, and other 
applications (Figure 1). The combination of a low density metal, and strong reinforcing ceramic 
particles has created a material suitable for these high performance environments. 
  2 
 
Figure 1 This aluminum silicon carbide component is used in wafer processing. The light weight and high stiffness helps 
maintain the precice dimensional control required for the micron sized parts. 
 
While MMCs have the ability to augment the strength and stiffness of the alloy, there are 
drawbacks that must be taken into consideration when using them in design. The fracture 
toughness and elongation values of MMC materials are lower than their respective alloys.
3
 Using 
MMC alloys in situations that require the dissipation of heat or conduction of electricity also can 
be problematic. The ceramic fibers disrupt the flow of electrons and as a result there is a 
decrease in thermal conductivity and an increase the electrical resistivity of the composite when 
compared to the monolithic alloy. 
 
Types of Metal Matrix Composites 
Fiber Reinforced MMCs 
Fiber reinforced composites were the first MMCs developed in the early 1980s. This type of 
composite is more expensive than the particle reinforced variety because of the increased 
demands in processing. Ceramic fibers such as silicon carbide (SiC) are commonly used for 
reinforcement. These strands are produced by chemical vapor deposition (CVD)
2
. A carbon 
monofilament is used as the substrate and β-SiC is deposited onto the surface through a high 
temperature gaseous reaction. The process is done at a high temperature to allow the SiC to 
form a single crystal filament. This increases the strength and stiffness properties of the fiber. 
After the fibers are made, they are integrated into the metal matrix through vacuum hot pressing 
(VHP). The fibers are wound around a spool and a plasma of the matrix material is allowed to 
adhere to the surface. Thin sheets are created by cutting the preformed cylinders down their 
  3 
length. With the pre-preg sheets formed, they can be laid in an orientation specific to the design 
needed. The forms are placed in a vacuum bag to remove oxygen and other gases to improve 
the bonding. Once the pressure inside the bag is to the desired level a heated hydraulic press 
applies additional pressure to bind the layers together (Figure 2). 
 
The high temperature and pressure cause the matrix material to flow together through plastic 
deformation and diffusion bonding. An issue associated with the high processing temperatures is 
the formation of a brittle intermetallic that can form at the interface between the fibers and the 
matrix
2
. 
 
Figure 2 Production of Al/SiC continuous fiber composites. The SiC fibers are wound over a drum to form a cylinder  and 
then sprayed with a plasma(a). The cylinder is cut down the long axis to form a sheet (b). The sheets are oriented and 
vacuum pressed (c).
2 
 
 
Particulate Reinforced MMCs 
The advantage of using particulate reinforcement over fibers is that the processing is less 
expensive. Most B4C particle reinforcements range from 0.5 to 100 µm.
4
 The particles can be 
integrated into the metal matrix with more cost effective casting methods. While more cost 
effective, the processing of particulate reinforced composites is not as standardized as 
continuous fibers.  Particulate reinforced MMCs are the composites that Thresher Industries will 
be producing. Thresher Industries employs the use of two Toshiba die-casting machines that will 
be used in the production of the MMCs. Die casting offers the advantage of high throughput and 
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precise control of the temperature and pressures used during fabrication. The aluminum-boron 
carbide melt is produced in a crucible and is then poured into the plunger (Figure 3). Using the 
desired pressure and temperatures (between 10 and 210 MPa)
5
, the molten material is forced 
into a die where the part will solidify. Once solidified, the part can be ejected and the process 
repeats. 
 
Figure 3 During die cast processing molten metal is poured into the plunger and then forced into the die cavity at high 
pressure.
6 
 
6
 
The casting process also occurs at lower temperatures than continuous fiber reinforcement 
processing and the intermetallic growth at the interface is reduced. At 700°C intermetallics such 
as Al3BC begin to form and above 900°C even more intermetallics can be created. The use of 
die-casting enables the MMC to be cast at 650°C.
5 
 
In order to properly analyze the temperatures and pressures of the processing, Shotscope 
equipment will be used. The two die-casting machines are equipped with software that analyzes 
and records the processing parameters during production runs. With the information gained from 
the conditions that created the samples, adjustments can be made to improve the 
microstructures. 
 
The controlling factor for creating a composite with desirable properties is the wettability of the 
particles. This can be improved by using alloying elements, like magnesium, to interrupt the 
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formation of a surface oxide layer.
7
 With low wettability, the particles clump together and do not 
form a homogeneous microstructure. In addition to the dispersion of the particles, high wettability 
ensures that the stresses can be transferred from the soft aluminum matrix to the strong B4C 
particles. 
 
 
Tensile Strength and Young’s Modulus 
The strength increases derived from discontinuous, randomly oriented reinforcement is a 
complicated subject that is still being investigated. The main source of strengthening comes from 
the transfer of shear stress at the interface between the particle and the matrix to a tensile stress 
along the length of the particle. Aluminum has a much lower Young’s modulus and tensile 
strength than the B4C particles. While aluminum has a modulus of 75 GPa and a tensile strength 
of 200 MPa, boron carbides have a modulus of 450 GPa and a tensile strength of 270 MPa.
8
 It is 
this large variance in the modulus values that cause the increase in the stiffness in the material. 
When properly distributed and when there is a strong interface produced from good wetting, the 
B4C particles can carry most of the load. 
 
In continuous fiber reinforcement, the transfer of the load to the fibers is done through shear 
loading. The large variations in the Young’s modulus between the matrix and the reinforcement 
cause them to strain to different amounts under the same load. In the MMC the two materials are 
constrained and must strain to the same level. This causes a shear force on the B4C that 
transfers the load from the matrix to the ceramic (Figure 4). The blue lines show how the matrix 
strains more under the same load near the ends of the fiber. At the center, the strain mismatch 
between the fiber and the matrix is zero and the force is entirely tensile.
9
 
 
 
 
  6 
 
Figure 4 The shear force on the fiber is at a maximum at the fiber ends and decreases towards the middle. Moving 
toward the center of the fiber, the shear stress decreases, while the tensile force increases. 
5 
 
 
The maximum stress a fiber can carry (σf)max can be calculated from Equation 1. 
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Where τi is the shear strength of the fiber-matrix interface, lt is the minimum fiber length in which 
the maximum fiber stress is achieved and df  is the diameter of the fiber. The fiber-matrix shear 
strength is dictated by the wetting of the ceramic into the molten matrix. The value will also 
decrease with the formation of intermetallics. It will be more useful for the present analysis to be 
able to find the minimum fiber length that allows the fiber to carry its maximum load. Rearranging 
the above equation produces Equation 2, with lc being the critical fiber length. 
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The above discussion of fiber mechanics assumes the particles are rod shaped, aligned short 
fibers. The samples received from Thresher Industries will have equiaxed particles with no 
specific orientation. By analyzing the shear forces on a unit cube with a sphere in the middle of 
the cube representing the reinforcing particle, a more accurate model of the mechanical behavior 
Shear Stress 
Tensile Stress 
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can be developed. Ge and Schmauder produced a model that has been shown to more precisely 
estimate the Young’s modulus of particulate reinforced composites EC
10
, (Equation 3).  
 
(3) 
 
R is defined as the volume percentage of the reinforcing particle, E1c is the modulus of the matrix 
and E2c is the modulus of the reinforcing particles. 
 
In addition to the differences in Young’s modulus creating the shear force loading of the fibers, 
two micro-mechanical mechanisms can also improvement of the yield strength of Al/B4Cp 
composites. Orowan bypassing by dislocations can cause an increase in the shear force required 
for plastic deformation. This mechanism is responsible for dispersion strengthening of 
precipitates, but in MMCs the particles are too large to take full advantage of this effect. 
Assuming a volume fraction of the reinforcing particles to be 15% and the average diameter of 
the particles to be 10 µm in an Al/B4Cp composite, Zong et al. found the increase in shear 
strength necessary to move a dislocation was less than 1 MPa
11
. This small increase does not 
represent a significant increase in the yield strength. In order for the dispersion effects to produce 
a noticeable effect on the strength properties, particles in the MMCs need to be two orders of 
magnitude smaller than the 10 µm particles that are being added to the Al melt. So, Orowan 
bypassing is not a strengthening mechanism here. 
 
Another mechanism that adds a noticeable contribution to the yield strength is Hall-Petch grain 
size reduction. The presence of particle reinforcements has reduced the average grain size from 
40 to 20 µm in an aluminum MMC (Figure 5). This reduction in grain size can be used in Equation 
4 to calculate an increase in yield strength of approximately 7 MPa, where ky is set to 0.1MN m
-3/2
 
(a standard value for aluminum)
11
. 
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+= Dk yσσ  (4) 
The σ0 term is defined as a material constant starting stress for dislocation movement, ky is the 
material specific strengthening coefficient, and D is the average grain diameter.  
 
 
Figure 5 a) The Al-2618 matrix without reinforcement has an average grain size of 40 µm. b) The ceramic particles have 
increased the number of nucleation sites and prevented the grains from growing as large as they were in the monolithic 
alloy
11
. 
 
With the high production rates capable of die-cast processing, a quick and dependable method of 
measuring the tensile strength would provide an effective quality control measure to Thresher 
Industries. Work has been done by Zhao to create a correlation between the macrohardness and 
yield strength for particle reinforced MMCs (Figure 6)
12
. According to his research, the 
macrohardness values (HRB) have a linear correlation with yield strength. Once a representative 
sample of tensile tests has been run, a best-fit line can be made relating hardness and tensile 
strength. Future testing could use the macrohardness value to calculate the tensile strength 
properties. This would be much faster and more cost effective than a tensile test and could be 
done with minimal training. 
 
Figure 6 Each label designates the weight percents of the sample tested (0%, 7%, and 17%). 
 
Hardness (HRB) 
T
e
n
s
ile
 S
tr
e
n
g
th
 (
M
P
A
) 
  9 
Particle Distribution 
When analyzing the Al/B4C samples after die-casting, the characteristic of greatest interest in the 
microstructure will be the particle distribution. A homogeneous distribution will ensure that the 
mechanical properties are consistent throughout the entire piece. It is important that the proper 
manufacturing steps are taken to increase the likelihood that the particle distribution is 
homogeneous.  During MMC processing, there are several identifiable sources that could create 
an uneven distribution. 
 
It is critical to stir the melt while in the crucible. The agitation to the melt improves particle wetting 
and it also keeps the particles suspended in the melt during subsequent cooling. The aluminum 
has a density of 2.78 g/cm
3
 while B4C has a density of only 2.3 g/cm
3
.
13
 Without agitation, gravity 
will cause the particles will float toward the top of the melt and leave an unreinforced region near 
the bottom of the casting. 
 
In addition to the density segregation, the manufacturer must be weary of having dendridic 
formations push the particles to a certain area of the mold. If there are specific patterns in the 
dendrite growth during solidification, the particle distribution may be more concentrated in the 
region that solidifies last. Proper mold design will aid in the particle distribution. Ensuring that the 
gating, risering and chills are properly placed will create a more uniform solidification process and 
help maintain the desired particle distribution
14
. 
 
If the particles become segregated into one area, there will be several problems with the alloy. 
The most important problem is an increased probability of fracture. Using finite element analysis, 
a two dimensional computer model of a composite was developed and tested under various 
conditions to see how the materials fractured
15
. The results showed that the particles create 
areas that inhibit the plastic flow of the matrix when under stress. Eventually the stresses build up 
until the particles themselves crack or debond from the matrix. This clearly shows that 
maintaining a homogeneous distribution of the particles is critical. The high concentration will lead 
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to premature cracking because the matrix will be overly restricted. Three dimensional models 
show similar results to the two dimensional representation and emphasize the importance of 
homogeneous distribution of particles
16
. 
Broader Impacts  
Currently, metal matrix composites are mainly used in aerospace and automotive applications 
due to their high cost. The lack of a mass producible method makes it too expensive for most 
applications. By developing a metal matrix composite that can be die-cast successfully, the 
number of parts can be dramatically increased and the cost reduced. Using randomly oriented 
particulates, die-casting is a possibility but the particle distribution remains an issue. This project 
will help by further characterizing the microstructure and provide useful information for future alloy 
development. 
 
Manufacturability is key to being able to lower the price of components made from relatively 
expensive materials. Currently, the distribution of particles in cast MMCs is difficult to control.
 
Differences in density between the boron carbide and the aluminum matrix can cause the 
particles to settle in clumps near the top of the part.
 
Also, controlling the cooling rates is important 
because when dendrites form they can push the particles into the regions that cool last. 
Manipulating the die-casting temperatures and pressures can lead to a more predictable particle 
distribution and a more readily manufactured component. 
 
Procedure 
Testing Overview 
Thresher Industries provided three sets of cast samples to analyze. The first set consisted of 
gravity cast specimens with various weight percent B4C reinforcements (5%, 10%, and 15%). 
From these samples we selected the 5% and 10% samples to review in more depth because they 
showed the most promising strength characteristics. Gravity cast tensile samples were then 
manufactured and delivered for analysis. Finally, a shipment of die-cast 10% B4C samples were 
delivered and analyzed. 
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In order to quantify the strength characteristics of the samples received, we used tensile and 
microhardness tests. These samples were then divided into two groups, heat treated and non-
heat treated. The results from these tests were augmented with metallographic analysis to 
discover why the alloys fractured and how to further improve the development of the metal matrix 
composite. 
 
First Sample Set – Gravity Cast Samples 
This set of specimens was used to determine which weight percent of reinforcement would 
provide a microstructure conducive to high-strength properties. Microstructures were taken to find 
which weight percent would yield the most homogeneous microstructure. 
 
Sample Preparation 
An abrasive saw was used to create two regions from each sample: top and bottom (Figure 7). 
Both sides were looked at because of the density differences in the B4C particles and the 
aluminum matrix. If both ends had the same volume percent of particles it would ensure the 
analysis was not skewed by a disproportionate settling of the particles to one end. 
 
Figure 7 The round tensile samples were cut at their ends to ensure the particle volume percentage was even throughout 
the sample. 
 
After the two pieces were cut, they were mounted using quick set epoxy. Following standard 
metallographic practices, each sample was manually polished to 0.05 microns using a diamond 
Tensile 
Sample 
Surfaces examined by 
optical metallography 
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solution to remove scratches. Using an optical microscope images were captured at 
magnifications ranging from 50x to 500x in order to document the microstructures. 
 
Imaging software was then used to confirm the B4C volume percentages between the top 
portions and the bottom portions of the sample were equal. Also, the overall volume percentage 
was verified. This ensured that the processing procedures used by Thresher were producing the 
desired level of reinforcement. For each sample, an image was taken in each of four regions 
(Figure 8) and a volume percent analysis was performed. The top and bottom were compared for 
similarities. Then the eight values were averaged to find the total volume percentage. 
 
 
Figure 8 A cross section of each end was mounted and polished. Images were taken and analyzed in random locations 
for each quadrant. 
 
 
Second Sample Set – Gravity Cast Tensile Samples 
Sample Dimensions 
Five samples of 10% B4C and four samples of 5% B4C were produced. The samples received for 
the initial testing were round tensile samples that had a gauge diameter of 18.5 mm (Figure 9). 
Since the expected maximum yield strengths were 300 MPa, the gauge lengths needed to be 
reduced to a diameter of 9.25 mm to ensure that the load cell for the Instron testing machine was 
not overloaded. This was done using a lathe. In order to prevent stress concentrations where the 
diameter changed, the reduction was performed in 1 mm increments and ground to a smooth 
surface after machining. 
1 2 
3 4 
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Figure 9 The picture on the left is one of the gravity cast samples, as received, before any machining was done. The 
image on the right is a sample that has been machined for tensile testing. 
 
   
The Materials Engineering Department at Cal Poly only has the capability for testing flat samples, 
so specialized grips needed to be manufactured to accommodate the samples (Figure 8). In 
addition to creating the grips, the ends of the samples were threaded. 
 
 
Figure 10 An AutoCAD drawing of the tensile grips. The flat flange fits into the Instron’s grips and the sample screws into 
the round bottom. 
 
Tensile Testing 
Before being tested, each sample was measured using digital calipers to provide accurate cross-
sectional diameters and gauge lengths. Following ASTM B557M-07 the samples were tested to 
failure at a crosshead displacement rate of 1.0 mm/min. The data was recorded using an 
extensometer and BlueHill 1 software. 
 
50 mm 50 mm 
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Analysis 
After the samples had been tested, four metallographic samples were prepared. Two randomly 
selected specimens of 5% and 10% reinforcement were mounted and polished to 0.05 microns. 
Images were taken to ensure the percent reinforcements were accurate and to examine the 
particle distributions. In addition to metallographic analysis, a scanning electron microscope 
(SEM) was used to analyze the fracture surfaces. 
 
Third Sample Set – Die Cast Tensile Samples 
After determining that the 10% B4C reinforcement provided the most beneficial properties of 
strength and ductility, Thresher Industries provided die-cast samples with that level of 
reinforcement. The type of aluminum matrix was unknown. It was either 380 aluminum or A356 
aluminum. The samples were randomly divided into three groups: as-cast, 380 T6 heat treatment 
and A356 heat treatment. The as-cast group (A), consisted of 5 samples, 3 samples were treated 
to the T6 condition for 380 aluminum (B), and 4 samples treated to the T6 condition for A356 
aluminum (C). The three groups were used to analyze the difference between two different heat 
treatments used on the samples. 
 
Sample Dimensions 
The die-cast samples had rectangular cross-sections and a dog-bone shape (Figure 11). The 
thickness of the samples had a large variation across their length. In order to fit into the Instron’s 
grips the samples needed to be machined flat and parallel. Using a mill, the samples were 
thinned until both sides were parallel to each other. After machining, the thickness of the parts 
was reduced to about 6 mm. 
  15 
                               
   
 
 
As-Cast (A) 
This set of samples served as the control. After machining, they were tested in the as-cast 
condition. 
 
380 T6 Heat Treatment (B) 
The three samples from group B were heat treated to the T6 condition for 380 Al. The samples 
were put in a furnace at 515°C for 8 hours, quenched and then aged at 180°C for 12 hours. This 
was the specified heat treatment to bring 380 aluminum to the T6 condition. 
 
After the heat treatment, the cross-sectional area and the gauge lengths were measured using 
digital calipers for the T6 samples and the non-heat treated samples.  Then using ASTM B557M-
07 and a crosshead displacement rate of 1.0 mm/min the samples were tested to failure. 
 
After the tensile testing was done, the samples were tested for hardness on the Vickers scale. 
From the samples tested two randomly selected non-heat treated and two heat treated samples 
were analyzed for hardness. Each region selected for testing was located on an area with no B4C 
reinforcements on the surface and not near an area of visible porosity. 
Figure 11 The samples were poor in quality. The sides were 
bowed and did not have square corners. 
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A356 T6 Heat Treatment (C) 
The T6 condition as specified for A356 aluminum consisted of a solutionizing step at 540°C for 12 
hours followed by a quench and aging for 4 hours at 155°C. After the heat treatment the samples 
were severely warped, so they were machined using a mill to provide two parallel sides. The heat 
treated samples were then tested for tensile strength using ASTM B557M-07. After tensile 
testing, the heat treated samples were measured for microhardness following the same 
procedure identified above. 
 
Results 
First Sample Set – Gravity Cast Samples 
5% B4C 
From visual inspection, the 5% B4C had highly segregated regions of particles (Figure 12). 
 
  
Figure 12 The image on the left, taken at 50x, shows how the B4C particles become clumped together. To the right, an 
image of the large dark region is magnified 500x to reveal the close proximity of the particles. 
 
 
In addition to the high level of segregation there is also extensive growth of an aluminum-silicon 
eutectic phase. The large silver blades (Figure 13) are not seen in the other levels of particle 
reinforcement. 
  17 
 
10% B4C 
The 10% B4C aluminum composite had a more evenly distributed microstructure (Figure 14) than 
the 5% B4C composite. While there are still areas of particle agglomeration, they are not as large 
as those found in the lower weight percent B4C composite. 
  
Figure 14 The micrograph on the left of 10% B4C at 50x shows the dark regions of particles are more evenly dispersed 
compared to the 5% B4C composite. On the right, a closer (500x) view shows that the particles have a wider spacing as 
well. Note the lack of the silicon blades that were seen in the 5% B4C composite. 
  
 
Figure 13 5% B4C at 500x. As the blades of silicon 
grow, they push the particles closer together until 
they ultimately impinge upon one another.  
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15% B4C 
While more evenly distributed than the 5% B4C composite, the 15% B4C composite has larger 
regions of segregation than the 10% composite (Figure 15). Additionally, there was more porosity 
in this sample than the other composites. 
 
  
Figure 15 The 15% B4C aluminum composite at 50x on the left and 500x on the right. Looking at the image on the left, 
you can see that the dark areas are generally larger than the grouping of particles in the 10% B4C matrix, but still have a 
roughly uniform distribution throughout the matrix. 
   
Volume Percentages 
Using imaging software (Figure 16) it was found that the top and bottom portions of all of the 
samples had volume percentages that had no statistical difference. Two sample t-tests were run 
on the four data points for the top and bottom for each of the levels of reinforcement. The 
averages for the top and bottom, as well as the p value are given in Table I. 
 
  19 
 
Figure 16 Each region was imaged and processed using imaging software. The image was overexposed to make the B4C 
particles stand out more. The green areas were highlighted and the total volume they covered was calculated to find the 
volume percentage. The dark region in the top left corner is a porous region and not an agglomeration of particles. 
 
 
Table I Average Volume Percent of Reinforcement 
Material Top (Average ± Standard Deviation) Bottom (Average ± Standard Deviation) p-value 
5% B4C 6.75 ± 7.62 7.18 ± 5.47 0.93 
10% B4C 11.04 ± 1.68 11.07 ± 2.96 0.98 
15% B4C 16.39 ± 2.51 15.07 ± 1.96 0.38 
 
With no significant difference between the data sets, the volume percentages were combined for 
each level of reinforcement. Table II shows the overall calculated volume percentages and their 
levels of reinforcement. 
 
Table II Average Calculated Volume Percentages 
Material Average Volume Percentage Standard Deviation 
B4C 5% 6.96 6.14 
B4C 10% 11.06 2.27 
B4C 15% 15.73 2.23 
 
 
Second Sample Set – Gravity Cast Tensile Samples 
Tensile testing data was recorded for the round gravity cast samples. The results showed that the 
samples were brittle and below the expected strength of 300 MPa (Figure 17). The 5% B4C 
reinforced samples had an average tensile strength of 147 MPa while the 10% B4C reinforced 
  20 
samples had an average strength of 91 MPa. The ductility for the 10% B4C averaged 0.47% and 
the 5% B4C averaged 0.20% (Figure 18). 
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Figure 17 The 5% B4C samples had a statistically higher strength, but a lower ductility than the 10% B4C samples. The 
fourth 10% B4C sample was not included in the graph because there was a malfunction with the extensometer. However, 
the tensile strength data for the sample was still valid and was used in the strength averages. Sample 5 was changed to a 
light blue line to make visible its lower ductility and strength compared to the other 10% B4C samples. 
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Figure 18 Two sample t-tests were performed on both the tensile strength and percent elongation averages to confirm a 
statistically significant difference in the values. The p-values were 0.0062 and 0.0064, respectively. The error bars 
represent a plus or minus of one standard deviation. 
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Third Sample Set – Die Cast Tensile Samples 
As Cast 
The as-cast samples had a large variation in strength and ductility. Three of the samples were 
grouped close together and followed similar stress-strain curves. The other two had a lower 
strength values. The lower performing samples also followed a similar stress-strain curve, but one 
sample fractured at approximately half the strain level (Figure 19). 
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Figure 19 It is clear from the stress-strain diagram that there is not much uniformity in the strength of these samples. 
 
380 T6 Heat Treatment 
The three samples that were tested after being treated with the 380 T6 treatment showed a close 
grouping in the strain values (Figure 20). They were also more brittle than the as-cast samples. 
The poorest performing sample from Group A had a higher strain value than the most ductile 
sample in Group B. Two of the samples demonstrated an almost identical stress-strain curve 
while the third had a similar path until approximately the 0.02% range and then diverged. 
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Figure 20 The blue curve undergoes a much different path than the other two. While unique to this set of samples, there 
are other examples of samples having the same elongated “S” shape (Figures 17 and 19). 
 
A356 T6 Heat Treatment 
The samples in Group C also showed a wide variance in strengths and ductility (Figure 21). 
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Figure 21 The irregular curve indicated by the arrow is due to slippage of the extensometer. The surface of the sample 
was severely warped from the heat treatment and is the likely cause of the negative slope in the beginning region. 
 
Comparison of Groups 
When compared to each other the samples had little difference. Table III shows the average 
strength values for each group and their standard deviations. Table IV shows the average ductility 
and standard deviations for each group. 
Irregular 
Curve 
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Table III Average Tensile Strength of Each Sample Group 
Group Average Tensile Strength (MPa) Standard Deviation 
As-Cast 114 39 
380 T6 92 21 
A356 T6 88 24 
 
 
Table IV Average Strain of Each Sample Group 
Group Average Strain (%) Standard Deviation 
As-Cast 0.349 0.0847 
380 T6 0.144 0.00985 
A356 T6 0.298 0.0952 
 
Applying a one-way ANOVA with 95% confidence to the groups shows that there is statistically no 
difference in the tensile strength between the as-cast, 380 T6 treatment, and the A356 T6 
treatment. The same type of analysis does show that the 380 T6 treatment does have a 
significantly lower average ductility than as-cast samples. 
 
Hardness values for each of the sample groups were recorded as well. Table V shows the 
average values obtained using the Vicker’s hardness scale. Using a one-way ANOVA with 95% 
confidence it was shown that the samples treated with the A356 T6 treatment were statistically 
harder than the as-cast samples.  
 
Table V Average Hardness of Each Sample Group 
Group Average Hardness (HV) Standard Deviation (HV) 
As-Cast 112.43 18.8 
380 T6 123.3 9.27 
A356 T6 127.7 7.83 
    
Discussion 
First Sample Set – Gravity Cast Tensile Samples 
The three levels of B4C reinforcement (5%,10%, and 15%) provided a good first look at what was 
happening with the aluminum’s microstructure when particulates were added. As expected, when 
the particulate volume was increased the size of the grains decreased. The increased amount of 
nucleation sites likely caused a more rapid solidification, and the growth of large grains was 
limited by impingement of competing grains.  
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The distribution of the particles was also altered by the growth of the grains. As shown in Figure 
11, the growth of the eutectic phase in the 5% reinforced samples drove B4C particles into 
segregated regions. The narrow end of the blades all point towards the B4C particles. This is 
because the narrow ends are perpendicular to the diffusion limited solidification front. Since the 
direction of these blades point in towards the particles it is logical to conclude they drove them 
into the agglomerations that are seen. 
 
While the 5% reinforcement had agglomerations of particulates due to grain growth, the other two 
levels of reinforcement had agglomerations of particles due to poor mixing. The grain growth for 
the 10% and 15% was not visible with optical microscopy, but the distribution was still not 
optimized for either. If the solidification occurred without moving the particulates to their 
segregated regions, then they must have been there while the aluminum was in its liquid phase. 
The 15% reinforcement showed more agglomerations than the 10%. As the volume percent of 
particulates increases the physical mixing process may not be adequate to separate the particles 
after they are added. Since the 15% B4C showed only additional agglomerations over the 10% 
reinforcement, the decision was made to further investigate only the 5% and 10% reinforcement 
levels.  
 
Second Sample Set – Gravity Cast Tensile Samples 
With data sets that showed a statistical difference for both tensile strength and elongation it is 
clear that the level of particulate reinforcement will, as expected, affect the properties seen in the 
material. The data we found was, however, in direct contrast with reported trends. As volume 
percent reinforcement increases the strength should increase and the ductility should decrease. 
The opposite findings that I found can be explained by other properties inherent in the samples. 
In addition to agglomerations of particles that can be seen with the aid of a microscope, the 10% 
B4C samples contained many regions with such a high segregation of B4C that they were visible 
to the naked eye after machining. These areas ranged in size from 1-4 mm in diameter. With 
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such large chunks of B4C the shear loading mechanism is diminished and the particulates cannot 
carry as much of the load as they do in the finely dispersed 5% reinforced samples (Figure 22).  
 
 
Figure 22 The figure on the left is a fracture surface of the 5% B4C reinforced gravity cast sample and the figure on the 
right is the fracture surface of a 10% B4C reinforced gravity cast sample. The sample on the right has the large 
segregated regions of B4C circled in red.  Both cross sections are approximately 9.5 mm in diameter. 
 
Third Sample Set – Die Cast Tensile Samples  
The strength values for the die-cast samples tended to be lower, in general, than the gravity cast 
specimens (no statistical proof as of this moment, but it will be checked). This can be explained 
purely by the geometry of the samples. Nearly 85% of the die cast parts fractured where the 
cross sectional area change between the grips and the gauge length. The drastic change in area 
causes a major stress concentration that magnifies the forces seen by the material. The gravity 
cast specimens had a gradually changing cross sectional area that could minimize stress 
concentrations.  
 
While there were significant differences in hardness between the A356 T6 treatment and the as-
cast, the relationship did not transfer to a difference in tensile strength. The tensile data only 
showed a difference between the maximum strain values of the 380 T6 treatment and the as-cast 
samples. In order to see if these differences could be attributed to the microstructures SEM 
images were taken of fracture surfaces (Figure 23). 
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Figure 23 The polygon shapes are the boron carbide particles. It is clear that the ceramic particulate failed by brittle 
fracture. The aluminum matrix experienced plastic deformation before failure. 
 
There were no significant differences observed in the microstructure. Each of the fracture 
surfaces underwent mixed mode fracture. The B4C particles display flat surfaces which indicate 
brittle failure. The aluminum matrix has markings that indicate microvoid coalescence occurred 
and there was plastic deformation before failure.  
 
In addition to the fracture behavior of the samples, SEM imaging revealed that all of the samples 
were highly porous and had large voids. The voids ranged in size from 15 microns to as large as 
100 microns (Figure 24). The presence of voids would create additional stress concentrations in 
the samples. Adding the stress concentrations from the voids to those created by the cross-
sectional area change could severely degrade the observed strength.     
 
Figure 24 Voids in the samples like this one can cause stress concentrations. The voids are created during the processing of the tensile 
samples. 
B4C Particle 
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The voids were created during the processing. Small spherical bubbles on the interior of the voids 
show that they were remnants of solidification (Figure 25). Increasing the pressures used during 
die casting may reduce the prevalence of these defects and could improve the strength of the 
alloy.  
 
Figure 25 Looking at the interior of a void you can see the round spherical solidification features that formed during 
processing. 
 
 
Conclusions 
Particle Distribution 
In order for this alloy to be formed into useable components the particle distribution needs to be 
improved. Currently, neither the die cast nor the gravity cast samples have a homogeneous 
distribution of particles. By increasing the mixing speeds or casting pressures the distribution may 
be improved. 
 
Stress Concentrations  
The geometry of the die cast samples creates stress concentrations that cause the samples to 
prematurely fracture. Also, the numerous voids and high porosity of the material create additional 
stress concentrations. Changing the sample shape by gradually reducing the cross sectional area 
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between the grip and the gauge length will provide better results. Increasing the pressure during 
die casting will reduce the number of voids and improve the tensile strength as well. 
 
Heat Treatment 
The heat treatments did not produce improved strength. This could be because the samples had 
other flaws that caused premature fracture. After fixing the geometry and void problems the 
treatments should be retested to see if there is an improvement in the tensile strength properties. 
 
Acknowledgements 
I would like to thank my industry sponsor, Thresher Industries for providing the samples for this 
investigation. Also, the continued support of my project advisor, Dr. Blair London, gave me 
guidance and kept my project on track. Finally, the insights of my colleagues Thomas Logue and 
Daniel Filomeo proved invaluable in the analysis of my results.     
 
References 
                                                 
1
 Thresher Industries Inc. (n.d.). Thresher Industries. Retrieved October 12, 2009, from
 http://thresherindustries.com/. 
 
2
 Mallick, P.K. Fiber-Reinforced Composites. 3rd ed. CRC Press, 2008. Print. 2 Dec 2009.   
 
3
 Chou, Shun-Chin, John Green, and Ronald Swanson. “Mechanical Behavior of Silicon Carbide/2014 
Aluminum Composite.” Testing Technology of Metal Matrix Composites STP.964 (1988):
 305-316. Print. 
 
4
 Onoro, J, and M.D. Salvador. “High-temperature mechanical properties of aluminum alloys reinforced
 with boron carbide particles.” Materials Science and Engineering A 499 (2009): 421-426. Print.   
 
5
 “Die Casting.” http://www.efunda.com/processes/metal_processing/die_casting.cfm. Web. 19 Mar 2010. 
 
6
 CES EduPack 2009 software. Granta Design Limited. Cambridge, UK, 2009. 
 
7
 “Foundry practice for the first castable aluminum/ceramic composite material. | Science & Technology > 
Materials Science & Technology from AllBusiness.com.” Web. 14 Oct 2009. 
 
8
 Srivatsan, T, T Sudarshan, and E Lavernia. “Processing of Discontinuously-Reinforced Metal Matrix
 Composites by Rapid Solidification.” Progress in Materials Science 39 (1995): 317-409. Print.   
 
  29 
                                                                                                                                                 
9
 McMahon, C.J. Structural Materials. Merion Books, 2004. Print. 15 Oct 2009.   
 
10
 Ge, X, and S Schmauder. “Elastic Modulus and Interface Stress Constraint of Particle-reinforced 
Composites.” Materials Science and Engineering A168.1 (1993): 93-97. Print.   
 
11
 Zong, B, F. Zhang, and G. Wang. “Strengthening mechanism of load sharing of particulate
 reinforcements in a metal matrix composite.” Journal of Materials Science 42 (2007): 4215–4226.
 Print.   
 
12
 M Zhao, Y Liu, and J Bi. “Correlation Between Tensile Strength, Elastic Modulus and Macrohardness in
 Silicon Carbide Particle Reinforced Aluminium Alloy Matrix Composites.” Materials Science
 and Technology 21.4 (2005): 429-432. Print.   
 
13
 CES EduPack 2009 software. Granta Design Limited. Cambridge, UK, 2009. 
 
14
 “Foundry practice for the first castable aluminum/ceramic composite material. | Science & Technology >
 Materials Science & Technology from AllBusiness.com.” Web. 14 Oct 2009. 
 
15
 Lin, J, P Li, and R Wu. “A Review of Study on the Deformation and Damage in Particle Reinforced 
Metal-Matrix Composites.” Mechanisms and Mechanics of Composites Fracture. Pittsburgh, 
Pennsylvania: ASM International, 1993. 9-15. Print. 19 Oct 2009. 
 
16
 Ayyar, A, and N Chawla. “Three-dimensional microstructure-based modeling of crack growth in particle
 reinforced composites.” Journal of Materials Science 42 (2007): 9125-9129. Print. 
 
